The goal of this work was to design a alternative material for hydrogen sorption/desorption by electrochemical devices. The investigations were focused on EG/Ni/Pd/C (exfoliated graphite/nickel/palladium/carbon fibers) composite. The deposition of carbon fibers differing in diameter and length over the EG/Ni/Pd significantly changes the electrochemical properties of the examined composite. SEM (scanning electron microscopy) analysis equipped with EDS (energy-dispersive spectrometer) detector revealed that external part of the investigated composite may involves palladium carbide.
Introduction
Composite materials based on transition metals exhibit excellent properties allowing their potential application in many fields, including chemical power sources. There are variety of methods allowing the inclusion of metal into the composite matrix. One of them is intercalation, which enables introducing an intercalate (e.g., metal compounds) within the graphite structure. Our previous works revealed that graphite intercalation compound with nickel chloride (NiCl 2 -GIC) and with nickel chloride, iron chloride, and palladium chloride (NiCl 2 -FeCl 3 -PdCl 2 -GIC) are electrochemically active towards the processes of hydrogen sorption/desorption [1, 2] . The composite described in our last paper concerning the electrochemical properties of EG/Ni/Pd has a markedly different structure [3] . The sandwich type structure makes it more accessible to electrolytes, thus contributing to the increment in activity of reversible sorption of hydrogen.
This paper concerns the preparation and examination of the electrochemical properties of an EG/Ni/Pd/C composite. The synthesized composite underwent electrochemical investigations in an alkaline solution by cyclic voltammetry. The morphology as well as the chemical composition of the EG/Ni/Pd/ C surface was examined by scanning electron microscopy equipped with EDS detector.
The difference between the present investigations and the previous one is the appearance of external layer composed of carbon material. Our intention was to investigate the role of this layer in the processes of hydrogen accumulation. According to our best knowledge, the investigated composite can be regarded as a novel material, not investigated by others authors. Moreover EG/Ni/Pd/C composite has not been yet electrochemically investigated in the region of deep cathodic reduction.
Materials and methods

Preparation of EG/Ni/Pd/C
The entire process of EG/Ni/Pd/C preparation was carried out according to a three-step procedure. Firstly, exfoliated graphite (EG) was coated with a layer of Ni by electrochemical treatment in bath composed of NiSO 4 x7H 2 O (140 g dm ), and H 3 BO 3 (20 g dm ) using a constant current density of 20 mA g . It is known that thermal process of acetylene decomposition over the metal catalyst performed according to CVD method may leads to the formation of variety of carbon products. Besides the carbon fibers of a different length and diameter among the carbon products of the regarded process most often is amorphous carbon. This carbon should be considered as a unwanted product due to its low practical application. In order to remove the amorphous carbon, the products of CVD process were thermally oxidized to CO 2 at 500°C under air atmosphere.
Electrochemical investigations
The electrochemical measurements were performed with a three-electrode system, in which EG/Ni/Pd/C was a working electrode, Hg/HgO/6 M KOH electrode served as a reference electrode (0.098 V vs. NHE), whereas a graphite rod played the role of counter electrode. The investigations were conducted at ambient temperature in 6 M KOH by cyclic voltammetry (CV) using an Autolab PGSTAT 302 N potentiostat/ galvanostat. The mass of the working electrode was equal to 30 mg. Voltammetric processes were performed with a scan rate of 10 mV s −1 within a potential range of − 1.2↔0.6 V.
During the selected cycles, when the electrode reached the potential of − 1.2 V, potential scanning was automatically stopped for a certain time. After that, the potential scanning was continued in a positive direction. More details of the electrode preparation procedure can be found in our previous papers [1] [2] [3] .
SEM analysis
The morphology and chemical content of the EG/Ni/Pd/C surface were studied by scanning electron microscopy (SEM) (S-3400 N, Hitachi) equipped with an EDS (Energy Dispersive Spectrometry) detector.
Results and discussion
The morphology of EG/Ni/Pd/C composite T h e c a r b o n l a y e r o f t h e e x a m i n e d material comprises of tangled carbon fibers which differ markedly in length as well as diameter (see Fig. 1a ). The comprehensive analysis of the presented images indicates that between the jumbled fibers, there are some particles probably not arising from the carbon. Owing to the reduced magnification (see Fig. 1b, c) , one can observe bright patches of various shapes. Taking into consideration the brightness of these elements, it can be stated that they are associated with a material characterized by poor electrical conductivity. This means that these parts do not represent metal components of the investigated composite. EDS analysis of one of the bright patches (marked in Fig. 1c) showed that it consists of palladium (60.82 at.%), carbon (36.22 at.%), and nickel (2.96 at.%). This result justifies the assumption that during the thermal decomposition of acetylene over EG/Ni/Pd, the deposited carbon atoms penetrate into the palladium, yielding solid palladium carbide. It is known that the conductivity of palladium carbide is significantly lower compared to Pd. This could explain the existence of some bright elements on the SEM (Fig. 1b, c) . The process of carbon deposition over the palladium catalyst takes place when palladium is exposed to a flow of carbon containing gases at elevated temperatures [4] [5] [6] [7] . In literature, one can find a number of theories describing the mechanism of carbon growth over metal catalysts. One of them postulates that carbon atoms formed on the surface of a catalyst diffuse through its structure and ultimately precipitate on the opposite side [8] [9] [10] [11] . In such a case, the surface of the deposited carbon is often comprised of catalyst particles.
Electrochemical sorption of hydrogen
In the light of the presented results, it is reasonable to assume that the external layer of the EG/Ni/Pd/C composite consists of carbon fiber and Pd particles containing incorporated carbon atoms appearing as palladium carbide [12] . The influence of the EG/Ni/Pd/C contents on its electrochemical properties was examined on the basis of electrochemical investigations performed by cyclic voltammetry in an alkaline solution (see Fig. 2 ). During the first cycle, after starting the measurement from the rest potential of the electrode towards the more negative potentials, one can observe a wide cathodic wave with maximum at − 0.79 V (Fig. 2a) . This effect illustrates the reduction of oxygen functionalities present on the carbon surface. The abovementioned cathodic wave partially overlaps the reactions associated with the potentiodynamic sorption of hydrogen. The latter reactions are depicted as an increase in current recorded on CV instantly before the change of polarization at − 1.2 V. After the reversal of polarization, a barely visible anodic peak appears at around − 0.58 V. This peak arises from the desorption/ oxidation of potentiodynamically sorbed hydrogen [2, 13] . On further anodic scanning, when the potential reached a potential of 0.3 V, the recorded current starts to grow, due to Ni 2+ → Ni 3+ transformation [1, 3] . On backward scanning, at the potential of 0.33 V, a small cathodic peak emerges, associated with the reverse reaction of Ni 3+ → Ni 2+ [1] [2] [3] . For the second cycle, the slight diminution in intensity of effects corresponding to the reduction of oxygen functionalities and hydrogen sorption is observed. On further cycling, these effects are unchanged.
In order to check how the conditions of hydrogen sorption in EG/Ni/Pd/C influences its electrochemical behavior, potential cycling was interrupted during the selected cycles at a potential of − 1.2 V for the potentiostatic saturation of hydrogen. The potential of potentiostatic sorption of hydrogen on the electrode made of EG/Ni/Pd/C was limited to − 1.2 V to omit the risk of electrode damage due to intensive liberation of hydrogen. The first halt in potential scanning was performed during the 5th cycle for 15 min. The consecutive operations of hydrogen sorption were proceeded during the 10th cycle (30 min), 15th cycle (45 min), 20th cycle (60), 25th cycle (180 min), and finally during the 30th cycle (for 900 min) (see Fig. 2b ). Taking into account the intensity of anodic effects attributed to hydrogen electrodesorption, it can be pointed out that the electrochemical activity of the investigated composite towards hydrogen sorption/electrooxidation is significantly higher compared to that noted during the potentiodynamic measurements (Fig. 2a) . During the anodic scanning on all cyclic voltammograms shown in Fig. 2b a wide wave with three maxima (− 0.58, − 0.32, and − 0.18 V) appears in response to the potentiostatic sorption of hydrogen. The irregular shape of these effects indicates the multistep character of hydrogen electrodesorption. In other words, the achieved voltammograms suggest that hydrogen may be sorbed within more than one phase [1] [2] [3] . The intensity of these maxima are strongly influenced by the time of the preceding sorption. The electrochemical activity of EG/Ni/Pd/C electrodes towards hydrogen desorption/electrooxidation gradually increases with prolongation of sorption time and, as expected, the highest level is reached after long lasting sorption (900 min). On the other hand, it should be emphasized that the relationship between the sorption time and electrocatalytical activity depicted as the intensity of the anodic wave is not linear. However, the activity level of the EG/Ni/Pd/C composite is relatively high, but it appears to be significantly lower compared to that noted in our previous work for the EG/Ni/Pd composite [3] . This means that the appearance of the carbon layer on the surface of the EG/Ni/Pd composite did not improve its electrochemical activity towards the processes of hydrogen accumulation. A similar effect was observed previously for the Ni/Pd/CNF composite [14, 15] . The deterioration of electrochemical activity was explained by the screening effect of the carbon film decreasing the active surface area of the palladium. It is reasonable to assume that the same reason is responsible for the discrepancy in the electrochemical activity of EG/Ni/Pd and EG/Ni/Pd/C. However, the plausible appearance of Pd/C may also cause the lowering of the sorption capability of the EG/Ni/Pd/C composite. By comparing the location of the anodic peaks, it is seen that the mechanism of hydrogen sorption/electrooxidation on EG/Ni/Pd/C differs compared to the EG/Ni/Pd composite. For the former composite, a new peak at − 0.59 V appears. Contrary to EG/Ni/Pd and Ni/Pd/CNF, in Fig. 2a , the position of the anodic peaks did not change with prolongation of sorption time [3, 14] . This indicates that mechanism of sorption/electrooxidation for the EG/Ni/Pd/C composite remains probably unchanged with increasing sorption time.
Conclusions
Our investigations showed that it is possible to synthesize the multi-component composite EG/Ni/Pd/C. The investigated composite displays high electrochemical activity towards the processes of sorption/desorption of hydrogen. The amount of hydrogen accumulated within EG/Ni/Pd/C enhances with the prolongation of potentiostatic sorption at − 1.2 V. The electrochemical properties of the EG/Ni/Pd/C composite are derivative of its composition, but its external layer, comprised of carbon fibers and most likely palladium carbide are of crucial importance in this. 
